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Phosphorus (P) is a limiting nutrient for terrestrial biological productivity and is crucial 
in maintaining microbial communities in geothermal systems. Phosphorus cycling in 
river, lake and marine systems has been studied extensively, but to date there is little 
understanding o f P dynamics and availability in geothermal systems. Phosphorus cycling 
in Octopus Spring, an alkaline geothermal system, was examined to assess P transports 
rate into and out o f its main pool. A geochemical model for P was designed consisting of 
different reservoirs such as water, sediment, organic matter, and microbial mat, as well as 
different transfer mechanisms such as runoff, biological productivity, atmospheric 
deposition, and outflow.
Fieldwork was conducted between July 2005 and March 2006. Solid and aqueous 
samples were collected in and around the spring to assess P reservoirs and cycling into 
the main pool. Total, inorganic and organic P concentrations were determined for solid 
samples and inorganic P concentrations were determined for aqueous samples. Mass 
transfer rates were also calculated and overall transfer rates for P were determined.
Primary inputs to the system are dust and biomass, with biomass accounting for >99.9% 
o f inputs. Primary annual outputs from the system are siliceous deposits (3%) and 
microbial communities (97%). Large influxes o f phosphorus from mammalian sources 
are seen as critical in maintaining biological productivity in the spring as inputs from dust 
and organic matter (e.g. pine needles) are unable to meet the phosphorus needs of 
microbial communities (based on photosynthetic estimates o f P demand). During 
absences o f large fluxes o f biomass into geothermal systems, internal cycling of 
phosphorus between siliceous materials and microbial communities may play a crucial 
role in maintaining biological productivity in alkaline geothermal systems.
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1. Introduction
Essential elements for life are carbon, hydrogen, oxygen, nitrogen, and 
phosphorus, with lesser amounts o f sulfur, iron and other trace elements. These elements 
make up the bulk o f the structural, enzymatic, and reproductive compounds found in 
living organisms. Phosphorus (?) is a limiting nutrient for terrestrial biological 
productivity and the availability o f “new” P in ecosystems is restricted by the rate o f 
release o f this element during soil weathering (Filippelli, 2002). In marine environments, 
P acts as the critical long-term nutrient limiting biological productivity (Filippelli, 2002). 
To date there is little understanding o f ?  dynamics and availability in geothermal 
systems, which support active microbial communities.
This study focuses on the fate and transport o f ?  in Octopus Spring, an alkaline 
geothermal system in Yellowstone National Park, Wyoming, U.S.A (YNP) (Figure 1). 
Yellowstone National Park is one o f the largest geothermally active regions in the world, 
but one for which few geochemical analyses have identified measurable P concentrations. 
The ultimate sources o f P in the environment are primary minerals such as apatite 
(calcium phosphate), or soluble orthophosphate forms (P0 4 ‘̂, HP0 4 '̂ or H2PO4") (Hem, 
1985). A geochemical model for P was designed consisting o f different reservoirs such 
as water, sediment, organic matter, and microbial mat, and different transfer mechanisms 
such as runoff, biological productivity, atmospheric deposition, and outflow. The results 
o f this study will aid in determining factors that control the distribution o f 
microorganisms in geothermal waters and will help form a more complete 
characterization o f the chemistry o f thermal waters in YNP,
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Figure 1: Location of Yellowstone National Park. The Lower Geyser Basin is highlighted in 
yellow with Octopus Spring identified with a star. Coordinate system, UTM Zone 12N,
1.1 Previous Research
1.1.1 Sources of Phosphorus in the Environment
Phosphorus is present in the environment in many forms and can occur in 
oxidation states o f P^' to P^^ (Hem, 1985). The primary sources o f naturally occurring 
inorganic P are igneous rocks and meteorites. The weathering of igneous rocks provide 
the majority o f the phosphate, but meteorites, which contain 0.02-0.94% P by weight also 
account for a sizeable amount (Moore, 1973). About 200 minerals are known that 
contain 1% or more P2O5. Apatite is the most abundant naturally occurring phosphate on 
Earth, and consequently, it is the major source of P, both as an ore and as the base o f the 
global P cycle (Hughes and Rakovan, 2002). In igneous and metamorphic rocks, the 
most common species is fluorapatite (Ca5(P04)3p), but in sedimentary phosphorites the 
typical mineral is carbonate fluorapatite (Ca5(P0 4 ,C0 3 )3F ) (McKelvey, 1973).
Phosphates are mined from phosphate-rich deposits, typically phosphorite deposits; 
sedimentary phosphates account for over 90% of the total mined P (Knudsen and Gunter,
2002). As o f 2001, world production was 153 million tonnes per year with reserves 
amounting to around 6  billion tonnes o f easily accessible ore, although there are vast 
deposits o f poorer quality ore (Emsley, 2001). Mined phosphates are primarily used in 
fertilizers, only 5-10% o f  mined phosphate are reduced to elemental P for use in animal 
feed, food additives, fire extinguishers, and numerous other products (Knudsen and 
Gunter, 2002).
The natural occurrence o f P in soil is quite low, but unlike the other elements 
essential to life, the amounts remain fairly constant because the majority o f  P is present as 
insoluble inorganic phosphates. The only significant weathering source for P in soils is
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apatite minerals. These minerals can be congruently weathered as a result o f reaction 
with dissolved carbon dioxide (Filippelli, 2002):
Ca5(P04)30H + 4C0z + 3HzO 5Ca^^ + 3 H P O /' + 4HC03'
In soils, P is released from mineral grains by several processes:
■ The reduced pH produced from respiration-related CO2 in the vicinity o f both 
degrading organic matter and root hairs dissolves P-bearing minerals and releases 
P to soil pore spaces (Schlessinger, 1997).
■ Organic acids released by plant roots dissolve apatite minerals and release P to soil 
pore spaces (Jurinak et al., 1986).
■ Plant and soil microbes secrete phosphatase, an enzyme that can release bio- 
available inorganic P from organic matter (Kroehler and Linkins, 1988; Malcom, 
1983; McGill and Cole, 1981; Trafafdar and Claasen, 1988).
■ Symbiotic fungi mycorrhizae can coat plant rootlets, excreting phosphatase and 
organic acids to release P and providing an active uptake site for the rapid 
diffusion o f P from soil pore spaces to the root surface (Antibus et al., 1981; Bolan 
et al., 1984; Dodd et al., 1987).
Phosphorus in soils can be grouped into two forms: refractory (not readily bio- 
available) and labile (readily bioavailable). The refractory forms include P in apatite 
minerals and P co-precipitated with and/or adsorbed onto iron and manganese 
oxyhydroxides (Filippelli, 2002). The labile forms include P in soil pore spaces (as 
dissolved phosphate ion) and adsorbed onto soil particulate surfaces, as well as P 
incorporated in soil organic matter (Filippelli, 2002). Phosphorus is lost from the soil 
through surface and subsurface runoff.
In natural waters, orthophosphate species are the most thermodynamically stable 
o f the P^^ forms likely to occur (Figure 2) (Hem, 1985). M ajor solubility controls are
100
80
60
-bCfi
HPO 2-
40
20
0
6 8 10 122 4 140
pH
Figure 2: Percentages of dissolved phosphate species activity as a function of pH at 25 degrees C 
and 1 atmosphere pressure (Hem, 1985). In alkaline geothermal systems, the dominate species 
would be H2PO4" or HPO^^-.
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related to co-precipitation and adsorption, as well as uptake by biota. Concentrations o f 
P in natural water are normally no more than a few tenths o f a milligram per liter, but 
removal o f P from the water column by aquatic vegetation and perhaps adsorption o f 
phosphate ions by metal oxides, especially ferric and manganese oxyhydroxides, can 
prevent concentrations greater than a few tenths or hundredths o f a milligram per liter 
from being present in solution (Hem, 1985). Human influence in the last 150 years has 
increased the amount o f P as dissolved and particulate forms put into the oceans 
(Filippelli, 2002), and vdll continue to influence the global P cycle.
Phosphorus is a key component for all living things. Most phosphate in animals 
is in the form o f calcium phosphate. Impure hydroxylapatite (Caio(P0 4 )6(OH)2, main 
impurities: COg^', Mg^^, and HP0 4 ^') forms the inorganic component o f bones and teeth, 
o f which it constitutes 72% and 96% respectively (Filippelli, 2002). The rest is present 
as organophosphates, in particular the energy molecule, adenosine triphosphate (ATP), 
which acts as a source o f chemical energy in DNA, RNA, the messenger molecule 
guanosine monophosphate (GMP) and the phospholipids of cell membranes (Emsley, 
2001). In the human body, P is present in blood 345 mg/kg, bone 70,000 mg/kg (7%), 
tissue 3000-8000 mg/kg (0.3-0.8 %) (Emsley, 2001), and metabolic waste (Hem, 1985). 
Mammals use most energy for environmental control, i.e. keeping warm and moving, 
whereas microorganisms use most energy for chemical synthesis, since their very 
existence as a life form depends on rapid reproduction (Emsley and Hall, 1976).
1.1.2 Previous Studies on Phosphorus Cycling in Aquatic Systems
The importance o f  P in regulating biological productivity in aquatic systems has 
been recognized for some time. As a result, P cycling has been examined in marine (e.g. 
Paul et al., 2005; Filippelli, 2001; Krom et al., 2005; Liu et al., 2004; Zhang et al., 2004), 
lacustrine (e.g. Callender and Granina, 1997; Pettersson, 1998; Ruley and Rusch, 2004), 
and riverine environments (e.g. Evans and Johnes, 2004; Evans et al., 2004; House,
2003); P cycling has not been studied in geothermal systems. A P cycle for land is shown 
in Figure 3. Through surface runoff, dust, and organic decay (plants and animals), P 
enters the natural P cycles o f rivers, lacustrine, and marine environments.
Mechanisms o f transport o f P into rivers, lakes and marine systems vary. The 
primary input o f particulate and soluble P into all systems is through surface and sub­
surface runoff from urban, agricultural and natural terrain, inlets (rivers, streams), 
precipitation (often assumed negligible compared with other sources (Bergametti et al., 
1992)) and discharges from waste systems. For rivers and lakes, the primary output is 
conducted through tributary outflow in the form o f rivers and streams (Callender and 
Granina, 1997) and potentially through subsurface and baseflow (Evans and Johnes,
2004). Eventually, all tributary flow reaches the oceans. Oceans are the ultimate 
collecting basin and though transport may occur between different ocean basins, the P 
input is not lost from the global marine system until tectonic uplift o f the basin occurs 
(Callender and Granina, 1997). Phosphorus is returned to terrestrial systems through the 
recycling o f sedimentary rocks. Internal cycling in all systems includes biological 
uptake, water- column remineralization, sedimentation, and diagenetic regeneration 
followed by flux across the sediment-water interface (Callender and Granina, 1997).
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Figure 3: A. The natural (pre-human) dissolved phosphorus cycle. B. The modem 
(syn-human) phosphorus cycle. Both showing reservoirs (Tg P) and fluxes (denoted 
by arrows, in Tg P/yr) in the P mass balance (Filippelli, 2002).
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Phosphorus can leave organic and inorganic particulate states in several ways.
The mechanisms include desorption, dissolution o f precipitates, ligand exchange 
mechanisms and enzymatic hydrolysis o f organic ester bonds (Bostrom et al., 1982). In 
the latter two cases, microbes can play a significant role by production o f organic acids 
and hydrolytic enzymes, respectively (Pettersson, 1998).
A large percentage o f total P input is lost to bottom sediment through 
sedimentation, and mineral precipitation. Total P concentration in river sediments varies 
seasonally (Evans et al., 2004). During storm events in the autumn and winter, an 
increase in scouring results in an increased capacity to entrain particles, increasing the 
water column concentration of P (Evans et al., 2004). For the River Swale, House (2003) 
reported 70-80% of P is lost to bottom sediment. In lakes, 75-99% of P is lost to bottom 
sediment (Callender and Granina, 1997; Ruley and Rusch, 2004). In marine sediments, 
organic P is altered during diagenesis, but P is redistributed within the sediments to other 
burial pools rather than lost (Filippelli, 2001). Eventually, all P input is lost to bottom 
sediment in the global marine system through adsorption to iron hydroxides, co­
precipitation with calcite, precipitation o f vivianite, and deposition o f biogenic deposits.
Soluble P (P0 4 '̂, HP0 4 ’̂ or H2PO4 ) interacts strongly with soils and sediments, 
the reactions being a combination o f sorption/desorption and mineral 
precipitation/dissolution (Holtan et al., 1988; House et al., 1995). Certain types o f 
sediment particles have a high propensity to bind with P (decreased size; increased 
specific surface area; increased total Fe, Al, Mn, Ca, and organic matter concentrations; 
presence o f clays, feldspars and calcite) (Evans et al., 2004). Therefore, the interaction of
10
p with sediments is an important factor controlling concentrations o f soluble P in the 
water column.
Co-precipitation o f P with calcite, has been documented in rivers, lakes and 
marine systems (Evans et al., 2004; Filippelli, 2001; House, 2003), and is primarily 
driven by photosynthesis in which the concentration o f CO2 or HCO3" is reduced near cell 
surfaces, which may then lead to the precipitation o f calcite and P (House, 2003). The 
mechanism o f phosphate co-precipitation is that P0 4 ‘̂ ions are substituted into the calcite 
lattice, where three ions are replaced by two P0 4 '̂ ions in aqueous solution 
(Ishikawa and Ichikuni, 1981):
3C03^' (s) + 2P04^‘ (aq) = 3C03^‘ (aq) + 2P04^‘ (s)
The soluble reactive P is essentially sorbed to calcite and incorporated into the crystal 
lattice (House and Donaldson, 1986). For example, in the Saanich Inlet, British 
Columbia, the ultimate sink for remobilized P is carbonate fluorapatite (Filippelli, 2001).
Precipitation/dissolution o f solid solutions o f iron (III) hydroxide and phosphate 
at the oxic/anoxic boundary in sediments is also an important process o f retention/release 
o f soluble P (House, 2003) in rivers, lakes, and marine systems. In the River Kennet, 
England, correlation analysis showed significant relationships between total P and total 
iron, total manganese and organic matter, highlighting the importance o f metal 
oxyhydroxide adsorption o f P on fine particulates and organic matter (Evans et al., 2004). 
Under reducing conditions, iron (III) reduces to iron (II), releasing and mobilizing P for 
diffusion into the overlying water column, making it available for uptake by algae (Ruley 
and Rusch, 2004). In eutrophic systems where the concentration o f soluble reactive P is 
very high, iron (II) phosphate is precipitated as the mineral vivianite (Fe3(P0 4 )2  8 H 2O)
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(House, 2003). In modern systems, phosphate mineral deposition only occurs in 
limited areas o f the oceans and only for a very limited sediment depth.
Most terrestrial phosphate recycles locally among soil, plants, and consumers on 
ecological time scales. On longer time scales, i.e. geological time scales, a parallel 
sedimentary cycle removes and restores terrestrial P (Campbell, 1996). In all systems, 
internal cycling o f P plays a crucial role in maintaining low levels o f available P in the 
systems. Biological productivity is dependent upon cellular respiration and 
photosynthesis, in which P is a component o f adenosine triphosate (ATP).
CgHiiOe 60% 6 CO2 + 6 H2O 4- Energy (ATP + Heat) 
Respiration 
<— Photosynthesis
The price o f most cellular work is the conversion o f ATP to ADP (adenosine 
diphosphate) and inorganic phosphate, products that store less energy than ATP. To keep 
working, the cell must regenerate its supply o f ATP from ADP and inorganic phosphate 
(Campbell, 1996). Residence times of inputted dissolved P in the pools o f coastal water 
and m id-shelf area are very short (3-4 days) (Zhang et al., 2004). In addition, the 
regeneration o f dissolved P from sediments is a slow proeess (Liu et al., 2004), 
suggesting that low P coneentrations could support relatively high primary produetion, 
and that the internal cycling o f P helps maintain biological productivity in aquatic 
systems.
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1.1.3 Previous Studies of Phosphorus in Yellowstone National Park Geothermal 
Waters
Orthophosphate-phosphorus (P0 4 ^'-P) analyses on YNP geothermal waters were 
conducted by Stauffer (1980a; 1978). Between the two studies, over 92 YNP hot springs 
were analyzed and found to contain P0 4 ‘̂-P in concentrations from below detection limit 
(1 pg/L) to 73 pg/L. A direct correlation was found between low Cl" concentrations 
(< 300 mg/L, acid-sulfate waters) and the presence o f P in geothermal waters, while high 
C r concentrations (> 300-350 mg/L, alkaline-chloride waters), were correlated with 
low/undetectable P0 4 ^'-P concentrations (Table 1) (Stauffer and Thompson, 1978). Ball 
(1998) conducted geochemical analysis on Octopus Spring in September o f 1974 and 
1975, and found soluble reactive P concentrations o f <0.001 mg/L and PO4' 
concentrations o f <0.001 to 0.020 mg/L respectively.
3 -
Table 1: Phosphorus concentrations o f previous y studied springs in YNP.
Study Type of Spring Detection Limit (pg/1) P (pg/1)
Stauffer and 
Thompson (1978)
Alkaline - High Cl' (>480 
mg/1) 1 < 1
Low c r  (<300 mg/1) 1 1-73
Stauffer (1980) High alkalinity, low Cl" (<290 mg/1) 1 < 1 - 2
Stauffer and Thompson (1978) concluded that if a spring sample was significantly 
enriched in P0 4 ‘̂-P (above 6.5 pg/L), then the spring is o f mixed origin (geothermal 
source and meteoric water), while low concentrations at or near the detection limit o f 1 
pg/L, are associated with alkaline, high-enthalpy, undiluted, high-chloride waters surging 
up from depth. Specific studies on P in geothermal deposits and potential source material 
into the systems have never been conducted.
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2.0 Description o f Study Site
Octopus Spring is in the White Creek Group o f the Lower Geyser Basin, 
Yellowstone National Park (YNP), Wyoming (Figures 1 and 4). Octopus Spring was 
named for its fancied resemblance to that cephalopod; the drainage channels represent the 
arms (Marier, 1994). The water o f the main pool is a light sapphire blue and the outflow 
channels are colored by microbial mat communities.
Figure 4: Octopus Spring overview looking to the south. White creek flows along upper edge o f  
picture to the right. Firehole Drive is located approximately 0.15 km to the NNW.
2.1 Lower Geyser Basin
The Lower Geyser Basin, by area, is the largest geyser basin in YNP, 
encompassing nearly 31 square kilometers, with most o f the thermal features widely 
scattered in small groups across 13 square kilometers (Bryan, 1995). The hydrothermal 
activity in YNP is structurally controlled, and the Lower Geyser Basin is one o f the most 
active hydrothermal systems due to its location immediately adjacent to the caldera ring- 
fracture zone o f  the Mallard Lake Dome (Figure 5) (Christiansen, 2001).
14
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Figure 5: Geologic map o f region surrounding study area (Christiansen, 
2001). Note Octopus Spring's proximity to the Mallard Lake Dome (a 
resurgent dome within the Yellowstone Caldera); a fracture zone surrounds 
the outer edge o f the Mallard Lake Dome corresponding with the 
placement o f geothermal features in the Lower Geyser Basin. Well Y-2 is 
located along Firehole Drive, north o f  Octopus Spring. Geologic Units: 
Qs-Detrital Deposits, Qh-Hot Spring Deposits, Qpce-Elephant Back Flow, 
Qpm-Mallard Lake Flow, Qpub-Biscuit Basin Flow. For a complete 
geologic map o f the Yellowstone Plateau area and description o f geologic 
map units and symbols, see Christiansen (2001).
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Located within the Yellowstone caldera, the Lower Geyser Basin’s stratigraphy 
is dominated by rhyolitic flows from the third volcanic cycle o f the Yellowstone Plateau 
volcanic field (about 0.7 to 0.1 Ma). Stratigraphy from Y-2 drill core in the Lower 
Geyser Basin (Figure 5) consisted o f four sections: sinter with interbedded travertine and 
detrital sediments (0-10.2 m), glacial sediments and tuff (10.2-31.7 m), the Elephant 
Back flow o f the Central Plateau Member (31.7-122.8 m) and the Mallard Lake Member 
o f the Plateau Rhyolite (122.8-157.4 m) (Bargar and Beeson, 1981). The glacial 
sediments and tuff are thought to be part o f the kame deposits that partly encircle the 
drill-hole site. The kame deposits consist o f outwash from ice-marginal and melt-water 
streams during the Pinedale Glaciation (30,000 to 10,000 b.p.) (Bargar and Beeson,
1981). The Mallard Lake flow (-150,000 b.p.) has been uplifted along the southern edge 
o f the Lower Geyser Basin by the Mallard Lake Dome and its northeast edge along the 
Lower Geyser Basin margin is buried by the Elephant Back flow rhyolite (-150,000 b.p.) 
o f the Central Plateau Member (Christiansen, 2001).
2.2 O ctopus Spring
Octopus Spring is located within the White Creek Group o f the Lower Geyser 
Basin, at the base o f a 12.2 meter high glacial moraine in an isolated location along 
Firehole Lake Drive. The main body o f the spring is approximately 8.2 by 14.2 meters in 
size (Marier, 1994). The source vent, located on the west comer o f the spring is about
1.5 by 2.1 meters (Marier, 1994). There is periodic boiling in the source vent, which 
results in an ebb o f about 2.5 cm in the pool. The boiling cycles are short and occur 
frequently. Source vent discharge has a pH o f 8.0 and temperature of 93°C. Low flow
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for Octopus Spring is 30-48 L/min (Hinman and Lindstrom, 1996) and is consistent 
with other reported values for Octopus (33-48 L/min; (Thompson and Yadav, 1979)). 
High flow decreases in the winter from 288 L/min in November to 114 L/min in January 
(Hinman and Lindstrom, 1996); no early spring values were reported due to closure for 
bear management during that time. Approximately 2% o f inflow is lost to evaporation 
prior to discharge.
The chemistry o f the alkaline system at Octopus Spring is well documented. 
Hinman (1996) conducted monthly monitoring o f water chemistry and observation of 
silica deposition over an eight-month period. They found no changes in the chemical 
composition o f the water but noted differences in silica deposition attributed to flow 
dynamics and seasonal changes in air temperature. Chemical data are also reported by 
Stauffer (1980) and Ball (1998), who conducted a single sampling event and diel cycle 
sampling for Octopus Spring in September 1974 and 1975 respectively.
Studies o f the cyanobacterial mat community inhabiting Octopus Spring, YNP, 
have extensively increased our knowledge o f species diversity and evolution and 
microbial community ecology (e.g. Allewalt et al., 2006; Brock, 1967, 1978; Doemel and 
Brock, 1977; Ferris et al., 1996a; Ferris et al., 2001; Ferris et al., 1996b; Ferris and Ward, 
1997; Huber et al., 1998; Jahnke et al., 2001; Nold et al., 1996; Ramsing et al., 1997; 
Reysenbach et al., 1994; Ruff-Roberts et al., 1994; Sandbeck and Ward, 1981, 1982; 
Santegoeds et al., 1996; Stoner et al., 1994; Summons et al., 1996; Ward et al., 1984; 
Ward et al., 1997; Wolters and Erdmann, 1989). The use o f a thermal habitat such as 
Octopus Spring as a model community for studying microbial diversity facilitates studies 
by providing a more constant environment and limiting biota to prokaryotic forms (Ferris
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et al., 2001). Prokaryotic cells are generally smaller and simpler than eukaryotic cells, 
being composed o f only a single molecule o f circular chromosomal DNA. The limitation 
to prokaryotic cells and the constant environment o f geothermal systems allows microbial 
studies to be repeated annually without significant changes in environment conditions 
and microorganism populations.
The structure and growth (Doemel and Brock, 1977), and decomposition (Doemel 
and Brock, 1977; Stoner et al., 1994; Ward et al., 1984) o f microbial mats were examined 
in detail at Octopus Spring. The general structure o f the mat has been broken into 3 
regions by W ard et al. (1984): the top aerobic zone (0.2 to 0.5 mm), middle aerobic 
(light)/anaerobic (dark) zone (0.5 to 2-10 mm) that is saturated with O2 as a result of 
oxygenic photosynthesis but rapidly becomes totally anoxic in darkness, and the lower 
anaerobic zone (below 2 -10mm). Doemel and Brock (1977) estimated the growth rates 
o f microbial mats at Octopus Spring to be 50 pm/day and found that a mat o f 2 cm 
thickness can decompose within a year. Even though there is rapid growth o f the mats, 
observations revealed that mat thickness remained essentially constant suggesting a 
decomposition rate equivalent to the growth rate o f the mat (Doemel and Brock, 1977).
The diversity o f the microbial mat community living in water temperatures o f 45 
to 65°C has been studied through the use o f 16S rRNA-based methods (Allewalt et al., 
2006; Brock, 1967; Ferris et al., 1996a; Ferris et al., 2001; Ferris et al., 1996b; Ferris and 
Ward, 1997; Santegoeds et al., 1996; Ward et al., 1997; Weller et al., 1992; Weller et al., 
1991; Wolters and Erdmann, 1989). The use of 16S rRNA sequences has provided a 
marker to discover many new populations and their evolutionary relations in the 
microbial mat community o f Octopus Spring. As o f 2001, fifty-nine different bacterial
18
populations had been identified in the Octopus Spring microbial mat community.
About half have been detected directly in the mat by 16S rRNA-based methods. The 
others were detected in enrichment broths or from cultivated isolates (Ferris et al., 2001). 
Studies have also been conducted on the pink-filament-forming hyperthermophilic 
bacterium community occurring in the upper outflow channel (82 to 8 8 °C) (Brock, 1967, 
1978; Huber et al., 1998; Reysenbach et al., 1994). This community is limited in 
diversity compared to the lower temperature zones, most likely due to rapid and 
continuous flow o f discharge only allowing organisms that can attach to the channel 
walls to grow there (Reysenbach et al., 1994).
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3.0 Methods
Fieldwork was conducted between July 2005 and March 2006. Solid and aqueous 
samples were collected in and around Octopus Spring (Table 2 and Figures 6  and 7) to 
assess P reservoirs and cycling into the geothermal system. The following techniques 
and measurements were used in order to develop a P cycling model for alkaline 
geothermal systems (Figure 8 ).
Vent
Meters
Figure 6: Site map showing locations o f  sampling sites. The vent is the main source o f water 
into the pool. Dashed lines show approximate boundaries o f  discharge channels (width o f  
channels changes seasonally due to changes in outflow). Site 10 encompasses samples 
collected from main pool. Samples 10 bone and pool sediment were collected in the main 
pool. Sample 10 pine needles brown and white were collected in the small pool located on tlie 
WSW edge o f  the main pool. Sample 12 was collected approximately 30 m to the ENE from 
the hillslope which is a glacial deposit.
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Table 2: Water, microbial mat, and detrital samples collected from Octopus Spring 
and surrounding area: Sites, sample types and locations.
Site
Number Samples Collected
GPS Coordinate 
(UTM Zone 12, NAD 83)
1 water 516057 4931220
2 water 516061 4931214
3 water microbial mat 516057 4931211
4 water 
microbial mat 516023 4931210
5
water 
microbial mat 
microbial mat slightly 
solidified 
microbial sinter 
pool-lip sinter 
silica partings
516023 4931216
6 marsh outflow 516065 4931168
7 microbial mat cryptogamie soil
516062 4931211
8
pine needles 
soil 516070 4931231
9 soil 516071 4931215
10
bone 
pool sed. 
white pine needles base o f pool 
brown pine needles base o f 
pool 
pool edge sinter
Collected from main pool
11 sinter breccia 516037 4931211
12 bedrock 516141 4931252
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Figure 7: Close-ups o f sampling sites. 
Sites 1 -5 and 7 on previous page. For 
UTM coordinates and sample descriptions 
see Table 2.
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Figure 8: Conceptual phosphorus model for geothermal systems. 
= concentratioux * transfer ratex * time.
3.1 Field Sampling Techniques
W ater samples were collected in July and October (2005) and March (2006). 
Temperature and pH were taken at all sites. Water samples (see Figure 6 , sites 1-5) were 
collected at the source, pool outlet and along outlet channels using Norm-Ject 50 mL 
sterile syringes with a Teflon™  extension to allow sampling as close to the source and 
middle o f the outflow channels as possible. Samples were filtered with Whatman 22mm 
GD/X disposable filter devices with nylon filter membrane, polypropylene housing and 
0.2 pm pore size and acidified to a pH o f <1.4; unacidified samples lead to low P0 4 ^'-P 
results, and acidifying the hot samples probably safeguards against biological uptake of
P0 4 ^'-P during sample storage (Stauffer, 1978).
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Solid samples were collected in October (2005). Substrate samples were 
collected using a sediment sampling spoon. Two microbial mat specimens were 
collected from each location sampled. Small cores (~1 cm diameter) were taken using 
plastic pipette tips to penetrate completely through the mat and into the material below. 
Minimal amounts o f  siliceous samples were collected to minimize impact to the 
geothermal system. A local felsic rock was collected from the glacial moraine north o f 
Octopus Spring. Pine needles were collected from the hillslope directly north o f Octopus 
Spring. Bone and pine needle samples collected from the base o f the pool were retrieved 
using a straining scoop device connected to an extension pole. All solid samples 
collected were stored in plastic storage bags prior to drying.
3.2 Solid Sample Preparation
Solid samples were dried in the laboratory in glass Petri dishes and beakers after 
collection. Once thoroughly dried, soils, siliceous materials, microbial mats, bone, 
bedrock, and pool sediment were pulverized using a Spex 8000 Mixer/Mill with Spex 
CertiPrep 8005 Zirconia vials. Samples with limited mass (approximately < 2 g) were 
pulverized using an agate mortal and pestle. Pulverized samples are assumed to be 
homogenous. Due to the fibrous structure o f  pine needles collected from the ground 
surface near Octopus Spring, they were dried at 70 °C in a laboratory oven for one hour 
and then combusted for 8  hours at 450 °C in a muffle furnace. Pine needles collected 
from the base o f  Octopus Spring were not pulverized due to limited sample volume. 
Portions o f all solid samples collected were preserved in a non-pulverized state as 
reference material.
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3.3 Determination o f Phosphorus Concentrations
Total P, inorganic P and organic P concentrations were determined for solid 
samples, while inorganic P concentrations were determined for aqueous samples. An 
outline o f all P concentration determination methods is shown in Table 3.
Inorganic P concentrations o f geothermal water samples were analyzed in the 
field using the ascorbic-acid-reduction, molybdenum-blue method after a preliminary 
As(V) reduction step to As(III) using thiosulfate-metabisulfite adapted by Stauffer (1980) 
from Johnson (1971) and Strickland (1968). The preliminary reduction o f arsenic is 
required because arsenate (As(V)) can interfere with P determination, and this 
interference is avoided by first reducing As(V) to As(III). The ascorbic-acid-reduction 
molybdenum-blue method is facilitated by the reaction o f phosphoric acid with 
molybdate ions to form a molybdophosphate complex, which when reduced produces a 
blue color (Kuo, 1996):
P O / '  +  1 2 M o 0 4 ^ '  + 2 7 H " ^  H 3 P 0 4 ( M o 0 3 ) i 2  + I 2 H 2O  
H 3P0 4 (Mo0 3 )i2 + reducing agent —> phosphomolybdenum blue [Mo(VI) —» Mo(V)]
(Worsfold et ah, 2005)
A portable Hach DR/2000 direct reading spectrometer was used to determine absorbance
o f samples at 882 nm. Samples were analyzed as close to collection time as possible;
laboratory analyses revealed that P concentrations decreased daily in samples stored in
both plastic and glass containers (Figure 9).
Total P concentration in solid samples was determined using the sulfuric acid- 
hydrogen peroxide-hydrofluoric acid method adapted from Kuo (1996). Digestions were 
performed in CEM Corporation, high pressure XP-1500 Teflon vessels. Protocol called 
for 0.5 g o f sample, but smaller sample volumes were used if  sample quantities were
Table 3; Outline of methods for P concentration determination.
Target
Principle of 
Analysis
General Technique
Working
Range
(p)
Detection 
Limit (P)
Reference
Inorganic 
P in 
aqueous 
samples
The reaction of 
phosphoric acid 
with molybdate 
ions forms a 
molybdophosphate 
complex, that when 
reduced results in a 
blue color that is 
dependent on 
concentration.
Reducing Agent:
20 mL 3.5 N Sulfuric Acid 
40 mL 0.74 molal Sodium Metabisulfite 
40 mL 0.056 molal Sodium Thiosulfate 
Mixed Reagent:
100 mL 0.024 M Ammonium Molybdate
250 mL 1.37 M Sulfuric Acid
100 mL 0.31 M Ascorbic Acid
50 mL 0.002 M Potassium Antimonyl-T artrate
Add 1.25 mL of reducing agent to 10 mL of sample; 
allow reacting for 1 hour. Add 5 mL of mixed 
reagent; allow reacting for 15 minutes. Read 
absorbance at 882 nm.
0 . 1 - 1.0
mg/L 0.05 mg/L
Stauffer 
(1980a), 
adapted 
from 
Johnson 
(1971) and 
Strickland 
(1968)
Total P in 
solid 
samples
Converts organic P 
to inorganic P to 
facilitate total P 
determination 
during digestion.
Extracting Reagents:
18 M Sulfuric Acid 
30% Hydrogen Peroxide 
24 M Hydrogen Fluoride 
0.8 M Boric Acid
Add 5 mL of sulfuric acid to 0.5 g of sample.
Slowly add 3 mL of 30% hydrogen peroxide 0.5 mL 
at a time, mix well to facilitate oxidation. Add 1 
mL of hydrogen fluoride. Heat at 150 °C for 10 to 
12 minutes.
0.06 - 250 
mg/L 0.06 mg/L
Kuo
(1996),
adapted
from
Bowman
(1988)
ts>o\
Table 3 cont
Target
Principle of 
Analysis
General Technique Working Range (?)
Detection 
Limit (F)
Reference
Organic P 
in solid 
samples
Organic P is 
converted to 
inorganic P 
during 
ignition. 
Organic P 
content is 
determined by 
the difference 
in [P] in 
ignited soil 
and unignited 
soil.
Extracting Reagent:
0.5 M Sulfuric Acid
Add 2.0 g of sample to a porcelain crucible and heat at 
550 °C for 1 hr. Transfer cooled sampled to a 50 mL 
centrifuge tube. Place 2.0 g of unignited soil into 
another 50 mL centrifuge tube. Add 50 mL sulfuric 
acid to each centrifuge tube. Shake the tubes for 16 hrs. 
Centrifuge samples to obtain a clear supernatant.
Modified Reagent A:
125 mL 0.039 M Ammonium Molybdate 
50 mL 0.009 M Antimony Potassium Tartrate 
500 mL 5.76N H2SO4 
325 mL Milli-Q 
Reagent B:
1.32 g Ascorbic Acid (dissolve in 250 mL of 
Reagent A.)
Combine 0.25 mL sample, 3 mL Milli-Q, and 0.5 mL 
Reagent B, mix well. Read absorbance at 882 nm after 
10 minutes.
[P] organic ~ [P] ignited ~ [P] unignited
0 .75-12 .0
mg/L
0.31
mg/L
Extraction: 
Kuo (1996) 
adapted 
from 
Saunders 
(1955) and 
Walker 
(1958)
P Cone. : 
Gavlak 
(2003) 
adapted 
from 
Watanabe 
(1965)
to
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Figure 9: Geothermal waters from Ojo Caliente and Octopus Springs (Lower 
Geyser Basin, YNP) that were spiked with Ipg/L P and stored in both glass and 
plastic containers. Samples were analyzed daily for 3 days and phosphorus 
concentrations were found to decrease in all samples during storage.
insufficient, and duplicates were analyzed when sample volume allowed. After addition 
o f reagents listed in Table 3, samples were heated to 150°C in a CEM Corporation MARS 
5 microwave digestion system. The temperature for the digestion was ramped up to 
150°C over 15 minutes and then held at 150 °C for 12 minutes. After cooling, 15 mL of 
0.8 M boric acid was added to samples (to complex F') and then diluted to 50 mL. Final 
digestion solutions were filtered in disposable digestion cups with FilterMate filtration 
devices with 2.0 pm filters. Filtered samples were analyzed for total P concentration at 
the University o f Montana with a Thermo Jarrell ICP-OBS (detection limit 0.06 mg/L P). 
ICP-OES was not used for individual organic P or inorganic P determinations because it 
is unable to differentiate between organic and inorganic P.
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Organic P determination was conducted on samples (with sufficient volumes after 
total P analysis) using an ignition method described by Kuo (1996) (Table 3).
Phosphorus concentration o f supernatants was determined using the ascorbic acid method 
described by Gavlak (2003) (Table 3). A portable Hach DR/2000 Direct Reading 
Spectrometer was used to determine absorbance o f samples at 882 nm. Total organic P 
was determined by the following equation:
[P] organic “  [P] ignited “  [P] un ignited
Inorganic P concentrations o f solids were calculated by the difference o f 
concentrations o f total P and organic P:
[P] inorganic ~  [P] total ~  [P]organic
Quality control o f  samples and analyses was maintained through the use of 
internal standards, field duplicates, analytical replicates and field blanks. Standards used 
were VHG Labs Inc. single element aqueous standard P (1000 pg/mL) in 5% H N O 3 
matrix for aqueous analysis, National Institute o f Standards and Technology NIST 8704 
(Buffalo River Sediment) and NIST 15 15 (Apple Leaves) for total P analysis and 
Calbiochem adenosine 3 ’, 5’ -  cyclic monophosphate sodium salt for organic P analysis.
3.4 X-Ray Diffraction of Solid Samples
X-ray diffraction (XRD) was conducted on solid samples to determine bulk 
mineralogy. Prepared samples were analyzed by XRD using the powder method with a
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Phillips XRG 3100 x-ray generator, APD 3720 recorder, and PW1877 version 3.5B 
software. The start and end angles were 5° and 70° 20, respectively. Scan time was 1 
second per step and the step size was 0.02° 20. Diffraction scan data were transferred to 
M acDiff 4 v. 4.2.5 software for peak analysis and identification. An internal Si standard 
(3%) was used in all samples for peak correction.
3.5 Scanning Electron Microscopy
Scanning electron microscopy (SEM) equipped with an electron x-ray dispersion 
spectrometer (EDS) was conducted on bone and pine needles specimens. Pine needles 
were analyzed to document the difference between pine needles located beneath a pine 
tree (limited transport), and those found in Octopus Spring. Bone was analyzed with 
SEM/EDS to determine the presence of microbial life. SEM/EDS were conducted using 
a Hitachi S-4700 Type II cold field emission scanning electron microscope with a Quartz 
XOne EDS detector set to an accelerating voltage o f 15 keV. Samples were mounted on 
aluminum stubs and coated with 5 nm o f carbon using a Cressington 108/A carbon coater 
and Cressington thickness monitor.
3.6 Photographic Documentation
Extensive photographs were taken during each of the sampling periods. The 
purpose o f photographic documentation was to create a photographic database of all 
sample locations and to record the geological setting and features o f all sampling sites. In 
addition, photographic documentation would record any geological feature or microbial 
community distribution changes between sampling periods. Photographs were also taken
31
o f solid samples after drying and prior to pulverization. The camera used was a Nikon 
CoolPix 7600 digital camera with 3X optical zoom.
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4.0 Results and Interpretation
4.1 Photographic Documentation
The most significant results from photographic documentation were the changes 
in the microbial mat communities. Figure 10 shows photos o f the same region of the 
main pool o f Octopus Spring in the summer and winter, and Site 3 in the fall and winter. 
In the winter, the cyanobacterial mats cover a large portion o f the south side o f the main 
pool, while in the summer cyanobacteria are limited to the outer edge o f the southern 
portions o f  the pool and outflow channels. In addition, the coverage o f microbial 
communities in outflow channels appears thicker in the winter months than the spring 
and fall.
The primary microbial mat communites present in Octopus Spring have been 
identified as Synechococcus and Chloroflexus (Brock, 1978). The upper thermal limits 
for photosynthetic prokaryotes (blue-green algae) is 73-75°C, eukaryotic microorganisms 
56-60°C, and animals, including protozoa, 45-51°C (Brock, 1978). Temperature is 
probably the driving factor for the seasonal changes in microbial mat communities. The 
upper thermal limits for photosynthetic microbial communities in Octopus Spring are 
Synechococcus < 73°C, and Chloroflexus < 65°C (Brock, 1978). During the winter, 
temperatures decreased by up to 8°C at the sampling sites. In the summer and fall when 
the temperatures throughout the spring and outflow channels are higher, microbial mat 
communities are physically smaller. For example, in the fall at Site 3, the outflow was 
71.8°C, which is just below the upper temperature boundary for photosynthesizing 
bacteria (Brock, 1967); in the winter. Site 3 was 65.7°C. Visual variations in microbial 
mat community coverage at Site 3 coincide with variation in temperature (thicker and
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Figure 10: Photographs showing variation o f microbial mat community coverage 
dependent on the season. A (winter) and B (summer) show the main pool looking 
to the N, NW. The microbial mats appear thicker and cover a greater area in the 
winter vs. the summer. Site 3, in the southern outflow channel, is displayed in C 
(winter) and D (fall). The mats appear thicker and more dense in the winter vs. the 
fall, most likely the result o f  variation in temperature between seasons (65.7®C in 
the winter vs. 71.8°C in the fall).
greater coverage area in the winter, thinner and less coverage area in the fall) (Figures
IOC, D). During lower temperature periods microbial mats appear to flourish, most
likely due to the ability grow in regions that were previously too hot, and an increase in
the types o f  microbial communities able to grow in a region as the temperature decreases.
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4.2 Phosphorus Concentrations
Analysis o f water samples collected from Octopus Spring and precipitation and 
marsh samples revealed that all aqueous samples were below detection limit (0.05 mg/L 
P) (Table 4). This suggests that the primary sources o f P into and out o f the geothermal 
system are solid phases.
Table 4: Aqueous P concentrations in samples collected from 
Octopus Spring area.
[P] mg/L
Sample 7/6/2005 10/14/2005 10/31/2005 3/1/2006
Site 1 b.d. b.d. — b.d.
Site 2 b.d. b.d. — b.d.
Site 3 b.d. b.d. — b.d.
Site 4 — b.d. — b.d.
Site 5 — b.d. — b.d.
Marsh — b.d. — —
Precipitation — — b.d. —
b.d. below detection limit (0.05 mg/L 
—  not measured
P)
Total, organic and inorganic P concentrations for solid samples collected from or 
near Octopus Spring are shown in Table 5. Total P concentrations determined using the 
sulfuric acid-hydro gen peroxide-hydrofluoric acid method adapted from Kuo (1996), 
have a calculated recovery o f 99-78% based upon National Institute o f Standards and 
Technology (NIST) standards 8704 (Buffalo River Sediment) and 1515 (Apple Leaves). 
Organic P concentrations determined using the ignition method o f Kuo (1996) have a 
recovery o f 88-87%, calculated from the P recovery o f organic compound adenosine 3 ’, 
5’ -  cyclic monophosphate (AMP).
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T able  5: Phosphorus concentrations o f Octopus Spring solid samples
Sam ple # Sam ple Type [P] total (mg/kg)
[PJorg
(mg/kg)
[PJinorg
(mg/kg)
3 A microbial mat 5 9 0  ±  7 3 3 2 7  ±  2 3 2 6 3  ±  7 7
4 A microbial mat 1 0 0 5 ±  1 2 4 1 2 6 4  ± 8 3 - 2 5 9  ±  1 4 9
5 A microbial mat 8 7 5 ±  1 0 8 4 4 8  ± 3 1 4 2 7 ± 1 1 2
5 C
microbial mat slightly 
solidified 4 9  ± 6 9 3  ± 7 - 4 4  ± 9
5 D microbial sinter 4 2  ± 5 6 6  ± 5 - 2 4  ± 7
5 E pool-lip sinter 6 4  ± 8 9 7  ± 7 - 3 3 ±  11
5 F silica partings b.d. 5 4  ± 4 —
7A microbial mat 1136± 140 1159±81 -23 ± 162
1C cryptogamie soil 204 ± 26 179 ± 13 25 ± 2 9
8 A * pine needles 340 ± 42 3 1 6 ± 2 2 24 ± 4 7
8B soil 218 ± 2 7 162 ± 11 56 ± 2 9
9A soil 3 1 4 ± 3 9 284 ± 20 30 ± 4 4
10A Bone bone 155180±19180 1 1 7 8 8  ± 8 2 0
1 4 3 3 9 2  ±  
1 9 1 9 8
lOAPS pool sediment 9 9 ±  12 13±  1 8 6 ±  12
lOB Brown pine needles base o f pool 134 ± 17 — —
lOB White pine needles base o f pool 8 6 ±  11 — —
IOC pool edge sinter b.d. 27 ± 2 —
l lA sinter breccia b.d. 25 ± 2 —
12A bedrock 41 ± 5 16±  1 25 ± 5
—  measurement was not conducted 
b.d. below detection limit (0.06 mg P/L)
* Corrected to pre-combustion concentration
Error analysis o f total P values was conducted assuming that the analytical value 
determined by ICP-OES was representative o f a 78% recovery. The maximum value 
(100% recovery) was calculated based upon a 78% recovery and the mean value ((100% 
recovery + 78% recovery)/2) was reported with an associated ± error bar. By assuming 
that the analytical values represented a 78% recovery, the largest potential range of total 
P (mg/kg) concentration for each sample was obtained. The same strategy was applied to 
organic P concentrations assuming that the analytical value determined by the Mo-blue
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method o f Gavlak (2003) was representative o f an 87% recovery. Inorganic P was 
determined by the following formula:
[P] inorganic ~  [P] total ~  [P]organic
Error analyses o f inorganic P concentrations were determined assuming that the original 
errors in total P and organic P were independent and random. The error associated with 
each inorganic P concentration was calculated by the below equation:
Inorganic _P _ Error = {Total _P _ ErrorŸ + {Organic _P _ ErrorŸ
Eight samples displayed in Table 5 show organic concentrations higher than total 
P concentrations resulting in a negative or uncalculated inorganic P concentration value. 
For samples 4A and 7A, the samples used for total P analysis were collected in October 
2005, while samples analyzed for organic P were collected in March 2006. The seasonal 
difference in collection o f the microbial mats may have resulted in a discrepancy between 
total and organic P results. The negative difference between total and organic P for 
samples 5C, 5D, 5E, IOC and 11 A, may be a factor o f the sample mass used in the 
separate analyses. For organic P determination 2.0 g of sample was used in 50 mL of 
total extract, while for total P determination 0.5 g of sample was used in 50 mL of total 
extract. For cases for which the total P determinations were near or below the detection 
limit o f 0.06 mg/L P (5C, 5D, 5E, IOC and 1 lA ), a larger sample volume may have 
resulted in detectable or higher total P results and non-negative inorganic P 
concentrations. One may conclude that if  the organic P concentration is greater than the
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total P concentration in mg/kg, organic P accounts for ail or nearly all o f the phosphorous 
present in the sample.
Analysis o f the relationship o f P concentration with the concentration o f other 
elements analyzed by ICP at SGS Laboratory, Canada (Appendix A) revealed no 
significant correlations. When samples lOA Bone and lOA Bone duplicate (>10,000 
mg/kg P) were included in a statistical correlation, P was found to be correlated with As 
(0.99), Ca (1.00) and Sr (0.99). Upon removal o f samples lOA Bone and lOA Bone 
duplicate from the correlation query, no relationship between P concentration and any 
other element concentration existed, including As, Ca, and Sr (Figure 11). Hence, no 
correlation between P and other element concentrations was found in solids in and around 
Octopus Spring.
4.3 Chemical Data
Chemical data for Octopus Spring in July 2005 and March 2006 are reported in 
Appendix B. Water chemistry remained relatively stable throughout the study.
4.4 Mineral Identification
X-ray diffraction (XRD) showed variation in mineral composition o f samples, 
dependent on type and sample location in reference to Octopus Spring (see Appendix C). 
XRD samples contained an internal Si standard for peak correction that is labeled in all 
XRD plots.
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Figure 11: Correlation plots o f As, Ca, and Sr vs. P. When sample lOA Bone and 
lOA Bone dup are included in the correlation in plots A, C, and E, there is a correlation 
of 0.99 for As and Sr with P and 1.00 between Ca and P. When sample lOA Bone and 
lOA Bone dup is removed from the data set in plots B, D, and F, there is no significant 
corrleation between P and As, Ca, or Sr.
Siliceous materials sampled contained abundant amorphous silica. Some silica 
crystallization was present in samples as quartz and cristobalite, though amorphous silica 
was the dominant phase (Figure 12). Sinter deposits were dominated by amorphous silica 
with trace amounts o f  quartz and possible goethite in microbial sinter at site 5. Pool 
sediment from the main pool (>70°C) contained primarily quartz and cristobalite with 
minor amorphous silica (Figure 13). Net precipitation o f amorphous silica will not occur 
above 80°C (Hinman and Lindstrom, 1996), suggesting that, for a sample collected from
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the main pool at or above 80°C during at least part o f the year, silica is dominantly in 
crystalline forms. Temperature o f the pool sediment collection site was not measured. 
Outflow at site 2 was 78.6°C, suggesting that the main pool was > 78.6°C during fall 
sampling.
M ammalian bone collected from the base o f Octopus Spring was composed of 
apatite-fluorapatite (Figure 14). XRD suggest that impure hydroxylapatite 
(Caio(P0 4 )6(OH)2, main impurities: CO]^", Mg^^, and HPO#^") forms the inorganic 
component o f bones; Filippelli (2002) reported that the composition o f mammalian bones 
is 72% hydroxylapatite. The bone that was sampled was brittle (breakable with your 
hands) indicating degradation o f the material. This degradation is interpreted to represent 
release o f P into the hot spring system. The skeletal material was not present in Octopus 
Spring in the summer o f 2004 (first observed summer 2005) suggesting that this animal 
was a recent supply o f P to the system through the decomposition o f its muscle, tissue, 
and bone, and that this supply will continue until complete decomposition o f the skeletal 
structure occurs. Animal carcasses may introduce large influxes o f P to hot springs that 
vary from hot spring to hot spring.
Bedrock sample collected from the glacial deposits north o f the spring was 
composed o f quartz, cristobalite and feldspar minerals (Figure 15), consistent with a 
felsic origin associated with continental volcanism in YNP. Both substrate samples 
analyzed contained quartz and cristobalite (Figures 16). Substrate sample 8B, collected 
from the hillslope NNE o f Octopus Spring also contained feldspar minerals and biotite or 
phlogopite mica. These primary minerals are weathered from glacially deposited felsic 
materials on hillside NNE o f the pool. Substrate sample 9A, located approximately 5
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Figure 12: XRD plot o f sample IOC collected from sinter located along the 
edge o f the main pool. The wide peak located between 20 and 30 degrees 2 theta, 
represents amorphous silica that is characteristic o f the silicons samples collected 
in this study.
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Figure 13: XRD plot o f sample lOA pool sediment. This sample is dominately 
quartz and cristobalite with less abundant amorphous silica compared to Figure 12, 
which was only amorphous silica.
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Figure 14: XRD plot o f  sample lOA bone, collected from the main pool. 
Apatite is the only crystalline material in the mammalian bone.
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Figure 15: XRD plot o f sample 2A bedrock. The bedrock sample is 
dominated by crystalline silica forms (quartz and cristobalite) and feldspar 
minerals typical o f the dominate bedrock (rhyolite) found in YNP.
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Figure 16: XRD plots o f  samples 8B and 9A, figures A  and B respectively.
XRD analysis reveals different source material for the two substrate samples.
Figure A contains feldspar, mica, quartz and cristobaile crystalline forms, similar 
to the bedrock sample collected from the same hill (see Figure 15). Figure B is 
dominated by amorphous silica, quartz and cristobalite, similar to siliceous 
samples collected from within and around the main pool (see Figures 12 and 13, and 
Appendix C).
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meters east o f the main pool, contained a large quantity o f amorphous silica and quartz 
assumed to be weathered siliceous deposits from Octopus spring.
Pine needles from the hillslope NNE of Octopus Spring were found to contain 
quartz, feldspar (Na, K, Ca silicates) and calcite minerals (Figure 17). Trace elements 
present in pine needles have been found to be indicative o f the chemistry o f the rocks and 
soils that they grow on (Vyshemirskii and Simonova, 1988) and o f particulate airborne 
matter in the area (Dongarra et al., 2003). Misra (1993) found that ashing o f different 
wood types resulted in the formation o f CaCO] and silicates o f K, Mg, and Ca at low 
temperatures (600^0), while at high temperatures (1300°C) there is a predominate 
presence o f Ca and Mg oxides. Pine needles in this study were combusted at 450°C for 
approximately 8 hours. The presence o f quartz, feldspar (Na, K, Ca silicates) and calcite 
is inferred to be indicative o f the formation o f the minerals during ashing at low 
temperatures as a result o f the chemical composition o f the needles prior to combustion.
4.5 Scanning Electron Microscopy
Scanning electron microscopy with electron x-ray dispersion (SEM/EDS) analysis 
was conducted on bone and pine needles specimens. Mammalian bone specimens 
collected from the main pool were coated with siliceous deposits (Figure 18). Diatoms 
were present in the interior cavities o f the bone, though they were not located on the outer 
surfaces. Chemically, the bone was composed o f Ca, P, Si, Al, K, Na and Mg (Figure 18 
B); bone contains 72% impure hydroxylapatite (Caio(P0 4 )6 (OH)2, main impurities:
CO]^ , Mg^'^, and HP0 4 ’̂) (Filippelli, 2002). Electron x-ray dispersion analysis supports
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that the bone from the pool is an apatite composition with siliceous coatings (shown in 
Figure 18 C).
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Figure 17: XRD plot o f sample 8A, pine needles. Pine needles were 
collected from the hillslope NNE o f Octopus Spring. Quartz, calcite, and 
feldspar were found in the needles, most likely formed during combustion 
as a result o f  the chemical composition o f the pine needles.
Scanning electron microscopy revealed structural differences between in-place 
pine needles and those located in Octopus Spring. Pine needles located on the hillslope 
NNE o f Octopus Spring were structurally intact and were primarily organic in 
composition (C and O) with minor amounts o f Si, K, Al, and P (Figure 19). The brown 
and white needles located in the main pool are thought to derive their colors from the 
amount o f time spent in the hot spring. The brown needles were still structurally intact 
with minor degradation along the edges o f the needles, interpreted as a result o f  a short 
period o f residence in the pool (Figure 20). White needles have experienced greater
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structural degradation and are likely to have been in the pool longer (Figure 21). Exact 
time scales for the residence o f the needles in the pool was not determined.
Abundant siliceous deposits were found on the surfaces o f both the brown and 
white needles collected from the base of the pool and penne diatoms were present 
throughout these siliceous deposits (Figures 20 and 21). No diatoms were found on pine 
needles collected on the hillslope NNE o f the pool.
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Figure  18: SEM/EDS analysis o f mammalian bone located in the main pool o f Octopus 
Spring. Photograph A o f  siliceous deposits found on bone with accompaning EDS 
plot shown in B. The bone is primarily composed o f hydroxylapaite with siliceous 
coatings shown by the large Si peak in the EDS plot. Figures C and D show examples 
o f  diatoms found within cavities o f  the bone. The diatoms are typically located in 
siliceous deposits which are seen above on and around the diatoms.
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Figure 19: SEM/EDS o f sample 8A, 
pine needles from the hillslope NNE of 
Octopus Spring. Minor degradation o f 
the needle structure has occurred in A, 
and with little to no degradation in C. 
Accompanying EDS to A is shown 
inB .
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Figure 20: SEM/EDS of sample lOB Brown. A and C overview o f needle 
with siliceous coatings. EDS of plot A is shown in B. D - example of 
diatoms found located on the needle and embedded in siliceous coatings.
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Figure 21 : SEM/EDS of sample lOB White. A - overview of needle, note the 
degradation o f the needle in comparison with Figures 19 and 20. B - example of 
diatoms found on the needles. C and D, close-up of siliceous coatings on 
needles with accompanying EDS plot.
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4.6 Conceptual Phosphorus Cycling Model
A conceptual P cycling model (see Figure 8) was developed to identify P 
reservoirs and transfer rates into and out o f the main pool o f Octopus Spring. Transfer 
rates and P concentrations o f identified reservoirs are listed in Table 6.
Table 6: Transfer rates and concentrations of P reservoir inputs and outputs for the main 
pool o f Octopus Spring
Phosphorus
Reservoir [PI Transfer Rate
Input
(+) or 
Output
(-)
Transfer Rate 
Source
Precipitation <0.05 mg/L 0.3132 m/yr + NADP (2000-2004)
Runoff^ N/A N/A N/A N/A
Inflow and 
Outflow <0.05 mg/L
Low flow 30-48 
High flow 114-228 
L/min
+/- Hinman (1996)
Dust
Deposition
266 ± 47 
mg/kg
6.9471 ± 2.93  mg 
P/m^yr
± CASTNET (2000- 2004)
Biomass^
Input
340 ± 42 
mg/kg 
(pine needles) 
155180± 
19180 mg/kg 
(bone)
?? + Calculated (only unknown)
Siliceous
Deposits 51 ± 17 mg/kg
0.00055 ± 0.00045 
m/yr
- Braunstein (2001 )
Microbial 
M at Flux
901.5 ± 228  
mg/kg 15.74 ± 0.88 g P/m^yr - Ramsing (2000)
M icrobiaf
Autotrophs ?? 204.87 ± 5.37 g P/yr
- Kadko (1990)
‘Runoff has not been observed entering Octopus Spring and is therefore not considered a 
potential reservoir source.
Exact transfer rate was not calculated due to variability o f concentration o f potential 
inputs and unpredictability in input fluxes.
 ̂Unknown phosphorus concentration.
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4.6.1 Calculation o f Transfer Rates and Associated Phosphorus Concentrations
In order to calculate transfer rates o f P into Octopus Spring, the rate o f transfer of 
mass must be determined. Once determined, the rate o f transfer o f mass multiplied by 
the concentration o f P in the mass calculates a P transfer rate for the reservoir.
The rates o f  transfer o f mass o f the separate reservoirs in the Octopus Spring main 
pool system were compiled from several different sources. The precipitation transfer rate 
was averaged for the years 2000-2004 from the National Atmospheric Depositional 
Program ’s (NADP) average precipitation rate for site WY08, located in Tower Falls, 
Yellowstone National Park. The concentration o f P in precipitation was found to be 
<0.05 mg/L. 10% o f  the detection limit (0.005 mg/L) was used for transfer rate 
calculation.
The outer siliceous lip surrounding Octopus Spring slopes down and away from 
the pool forming a natural barrier to runoff entering the pool. In 15 years o f sampling at 
all times o f year and all types o f precipitation conditions (hail, rain, snow, sleet) no runoff 
has been observed flowing into the pool (Hinman, unpub. data), implying that runoff does 
not contribute significantly to the overall P cycle at Octopus Spring.
Outflow values were taken from Hinman (1996). Aside from the <5 cm surging 
o f water in the spring and since the pool lip has not changed over the course o f this study, 
inflow from the source must be equal to outflow through the outflow channels over the 
course o f a year. Phosphorus in the water column is below the detection limit (<0.05 mg 
P/L) at all aqueous sampling sites. Potential input o f P was calculated using the value 
reported by Stauffer and Thompson (1978) o f 2pg P/L. Using this value and average 
outflow o f 55,188,000 ± 37,843200 L/yr, inflow potentially accounts for 110.4 ± 76 g
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P/yr. O f this potential input, it is undetermined how much P leaves the main pool 
through outflow (Stauffer and Thompson (1978) only reported the concentration o f P in 
the source vent). Therefore, within the detection limits o f this study, P input and output 
from the main pool through hydraulic flow is assumed to be zero (inflow=outflow).
A dust deposition rate for YNP was calculated from data provided by the U.S. 
Environmental Protection Agency’s Clean Air Status and Trend’s Network (CASTNET). 
CASTNET reports the armual deposition rate for S0 4 ‘̂ at site YEL-408 in Yellowstone 
National Park. The average o f the annual S0 4 '̂ deposition rate for 2000-2004 (17.834 
mg S0 4 7̂ m^) was than converted to sulfur (S) deposition (5.9530 ± 2.51 mg S/m^) and 
the average ratio between P and S in the soil samples collected around Octopus Spring 
(8B and 9A; avg. 1.167 P/S) was used to convert the S deposition rate to a P deposition 
rate o f 6.9471 ± 2.93 mg P/m^. The ratio o f P to sulfur for local soil sources was used 
because the dust that enters Octopus Spring is likely a local source.
Deposition rates o f siliceous deposits were taken from Braunstein (2001), who 
found particulate sedimentation rates o f <0.1 mm/yr and sinter deposition rates 
commonly exceeding 1 mm/yr in high-temperature springs. An average sedimentation 
rate o f 0.55 ± 0.45 mm/yr was used for analysis. For P concentrations in siliceous 
materials, the average between pool sediment and pool-edge sinter collected from the 
main pool was used (63 ± 1 2  mg/kg). For pool-edge sinter, total P concentration was 
below the detection limit; the calculated value for organic P concentration was used as an 
estimate. The negative difference between total and organic P for pool-edge sinter, may 
be a factor o f the sample mass used in the separate analyses (0.25 g versus 2.0g 
respectively, both in 50 mL extract). One may conclude that since the organic P
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concentration is greater than the total P concentration, that the total P concentration is 
equal to or greater than the organic P concentration o f the pool-edge sinter.
Uptake and release rates o f P by microbial mat communities in Octopus Spring 
were calculated from the net photosynthesis rates o f O2 within Synechococcus microbial 
communities <73°C in Mushroom Spring, YNP (Ramsing et al., 2000). Mushroom 
Spring is located approximately 0.2 km from Octopus Spring, and the two springs have 
very similar compositions and microbial mat communities (Ramsing et al., 2000). 
Photosynthesis and the production o f organic matter from CO2 and H2O can be described 
by the reaction (Eby, 2004):
IO6CO2 + 16N03’ + HP04^' +I22H2O + 18H* i r - f  C106H263O110N16P1 + 13802
Photosynthesis is the reaction proceeding to the right and respiration is the reaction 
proceeding to the left. The ratio of grams o f P to grams o f O2 in the above 
photosynthesis reaction (0.007 g P/g O2) was applied to the net photosynthesis rates for 
O2 to determine the overall transfer o f  P into and out o f microbial mat communities in 
Octopus Spring (when O2 is released, P is consumed and vice versa).
A positive net photosynthesis value for O2 was reported between the hours o f 6:50 
and 15:26 (Ramsing, 2000) and average o f those values was calculated (9647 g 0 2 /m^yr) 
(O2 release) to be applied to the mean annual sunshine hours o f 2801-3000 hrs/yr 
(NCDC, 2000) for YNP. Only one value for net respiration during the dark was reported 
by Ramsing (2000) (-1412.8 g 0 2 /m^yr) (O2 uptake), and this value was applied to the 
mean annual dark hours o f the day 5760-5959 hrs/yr (NCDC, 2000) for YNP. An 
average photosynthesis rate o f 2249.18 ± 125.62 g 0 2 /m^yr (O2 release) was calculated
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for Mushroom Spring and is assumed equivalent for Octopus Spring microbial mats. 
Converting the photosynthesis rate from O2 to P (0.007 g P/g O2) suggest an annual net 
consumption o f  P by microbial mats is 15.74 ± 0.88 g P/m^yr. Under these conditions, 
more P is consumed than released by the microbial mat annually. Microbial mat 
communities do not cover the entire pool region and varies seasonally; an estimated 
average area o f  1/10 o f  Octopus Pool was used to find the total amount o f P taken up by 
microbial mat communities.
Phosphorus uptake for autotrophs found in the main pool o f Octopus Spring was 
calculated from the work o f Kadko (1990) for hydrogen uptake in oceanic hydrothermal 
vent systems. Kadko (1990) calculated an estimated residence time of ten hours for H2 in 
the Endeavor Ridge hydrothermal plume. The half reactions below show that for every 
mole o f H2 oxidized, 1 mole o f CH2O (1 H2:l C) is formed.
H 2 2H+ 4- 2e'
2e~ + CO? + 2H^ CH9O 
H2’ + C 0 2 -^ C H 2 0
Using the Redfield Ratio (106C:16N:1P) and relationship between H2 and organic matter 
production, for every 106 mol H2 oxidized, 1 mol o f P is consumed by microbes in the 
main pool o f Octopus Spring. H2 concentrations for Octopus Spring (Spear et al., 2005) 
were used to calculate an uptake rate for Octopus Spring based upon the 10 hour 
residence time for H2 calculated by Kadko (1990) and the average inflow to the spring 
(Hinman, 1996).
P _  uptake _ autotrophs{gP / yr) =
[Hi{g/L)\ * ZieOhrs * . 3 0 .9 7 g ^  * Volume(L I yr)* yr
\Qhrs yr in.SlgHi
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Determination o f biomass transfer rate is complex as the input is an episodic, not 
periodic event. It could be measured by setting up a collection trap to determine pine 
needle input over a given period o f time. Biomass input rates for mammalian carcasses 
could be determined by observing the pool at least once a month to examine for new 
input. The unpredictability o f the value could result in a severe over or underestimate o f 
the transfer rates dependent upon conditions during the observation period (e.g. increased 
wind velocity and storm events). Therefore, the transfer rate o f biomass into Octopus 
Spring was taken to be an unknown quantity and was calculated from the input o f all 
other values.
4.6.2 Conceptual Model Results
The conceptual model for P cycling in Octopus Spring is shown in Figure 22, 
input and output fluxes for P are listed in Table 7. The inflow o f the pool is assumed 
equal to the outflow, canceling each other out in the model. Using 10% of the detection 
limit (0.005 mg/L P) to calculate the input from precipitation (0.18 g P/yr) suggests that 
precipitation is negligible as a source o f P into the pool. Assuming average rural 
precipitation (0.04 ± 0.04 mg P/L) (Novotny and Chesters, 1981) precipitation would 
input 1.46 ± 1.46 g P/yr over the main pool area. Since, there was no detectable 
atmospheric P (<0.05 mg/L P) and using average rural concentrations provides a possible 
input o f 0-2.92 g P/yr, precipitation has been removed from the overall equation. The 
transfer rate for biomass was the only unknown value in the mass balance equation for 
Octopus Spring. A total o f 398 g P must be supplied by biomass to balance the inputs o f 
the system with the outputs. If  large fluxes o f P input from animals were disregarded,
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and only biomass input from pine needles was included in the transfer rate, 1,171 kg /yr 
o f  pine needles would need to be supplied into the pool. This value is not realistic as it 
would clog the pool. If  the concentration o f P in bone was used to calculate the rate o f 
input o f biomass, only 2,56 kg bone/yr would be required to balance the mass balance 
equation (a bison calf at birth weighs 14-32 kg, and at 8-9 months typically weighs 136- 
181 kg (Meagher, 1973), an elk calf weighs 11-18 kg at birth (YNP, unknown)). The 
productivity o f the pool is likely to depend on P entering the system through high- 
concentration sources
Dust 
0.81 g P
Precipitation
Biomass 
395.76 g  P
Runoff
_ O g P
Siliceous
Materials
8.49 g PMicrobial Mat 
183.21 g P Chemo-
autotrophs
204.87 g P
Input =  Biom ass + Dust
Output =  Siliceous Materials + Microbial Mat + 
Chemoautotrophs
Figure 22; Phosphorus cycling model for Octopus Spring. Concentrations for reservoirs are listed as 
g P/yr. Inflow and outflow o f  the spring are assumed to be equal (both <0.05 m g/L P), and therefore 
do not contribute to the overall P cycle. Runoff is blocked from entering pool due to slope o f  siliceous 
lip around pool edge resulting in 0 g P input. Precipitation (<0.05 mg/L P) is also considered to not 
contribute to the P cycle due to the absence o f  an atmospheric form o f  P.
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such as mammalian carcasses, although the frequency o f these additions is unknown and 
probably differs significantly between different spring systems.
Table 7: Calculated annual P fluxes for Octopus Spring in g/yr over the area o f 
the main pool.
Inputs Input P (g/yr) Output Output P (g/yr)
Precipitation^ 0.18 ± 0 .02
Dust 0.81 ± 0 .34  
Biomass""
/ ji j  j y / . / o(needles and , _
bone) (estimated)
Total Input"  ̂= 398.57 ± 0.34
Siliceous Deposits 10.49 ± 9 
Microbial Autotrophs 204.87 ± 5
Microbial Mats'" 183.21 ± 10
Total Output = 398.57 ± 15
All values generated by mass balance considerations except biomass input, 
which was estimated.
*10% o f detection limit (0.05 mg/L P) was used for calculation.
^Assumed microbial mats cover on average 10% o f the main pool per year. 
""Input value calculated to balance input and output values.
"^Precipitation input was not used in total input calculation.
4.7 Phosphorus Concentrations in Materials Located Outside of Main Pool
The P conceptual model was applied to the main pool o f Octopus Spring, but 
siliceous materials and microbes located along the outflow channels also require P. Table 
8 displays pH, temperature, samples collected, and P concentrations for sites 3 ,4 ,5 , and 
11 that were located in the outflow channel region o f Octopus Spring (see Figure 6 for 
site locations). Microbial mat communities in outflow channels contained 901.5 ± 228 
mg P/kg, and siliceous deposits (silica partings, microbial sinter, and sinter breccia) 48 ±
7 mg P/kg. Sinter breccia located between the two outflow channels contained the lowest 
concentration o f P, while those directly in contact with the outflow channel contained 
approximately 2 to 3 times the P concentration. This suggests that a potential exchange
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o f P with microbial mats may maintain higher P concentrations in siliceous materials in 
the outflow channel, while sinter breccia located outside o f the channels is stripped of P 
when outflow and microbial mats are not present.
The microbial mats require P for photosynthesis, respiration, cellular tissues and 
phospholipids, and siliceous deposits accumulate P during deposition. Microbial mats 
cover approximately 90% o f the outflow channels throughout the year, requiring a large 
supply o f P to support their biological productivity. Potential inputs o f P into the outflow 
channels are dust and biomass (e.g. pine needles and mammalian excretion). Dust only 
supplies 0.007 g P/m^yr. Therefore, biomass most likely plays a key role in supplying P 
to the outflow channels, as is the case in the main pool. During periods of low to absent 
biomass input, exchange of P between siliceous materials and microbial mat communities 
may play a crucial role in maintaining biological productivity.
T able 8: Outflow channel site chemistry and sample P concentrations (for site location 
map see Figure 6). Phosphorus concentrations in mg/kg (solids) and mg/L (aqueous).
Site pH* Temp* Sam ples [ P ]  total [P ]inorgan ic [ P ]  organic
3 7.98 70.2 water microbial mat 590 ± 73
b.d. 
327 ± 23 263 ± 77
4 8.24 58.3 water microbial mat 1005± 124
b.d. 
1264 ± 83 -259 ± 149
5 8.62 41.3
water 
microbial mat 
microbial mat slightly 
solidified 
microbial sinter 
pool-lip sinter 
silica partings
8 7 5 ± 108 
49 ± 6
42 ± 5  
64 ± 8  
b.d.
b.d. 
448 ±31 
93 ± 7
66 ± 5  
97 ± 7  
54 ± 4
4 2 7 ± 112 
-44 ± 9
-24 ± 7  
-33±  11
11 n.a. n.a. sinter breccia b.d. 25 ± 2 —
* Average pH and temp reported for samples sites. Site 3-summer, fall, winter. Site 4-
fall, winter, and Site 5-fall, winter.
b.d. below detection limit (0.05 mg P/L).
—  not determined.
n.a. not applicable, sample 11 was collected outside o f the outflow channels._______
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The size o f Octopus Spring’s outflow channels and the coverage of microbial mat 
communities within vary seasonally with changes in temperature and discharge rates 
from the main pool. Due to the seasonal variance in outflow channels, total P transfer 
rates were not calculated, but one may conclude that the outflow channels o f Octopus 
Spring also play a dynamic role in the P cycle o f the overall system.
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5.0 Discussion
Internal P cycling and external inputs from solids play a crucial role in the overall 
P cycle and biologic productivity o f Octopus Spring.
Total output o f P for Octopus Spring is 3 9 8 . 5 7 ± 1 5 g  P/yr. Primary outputs are 
microbial biomass and sinter deposits. Microbial mat communities account for 46% of 
output, microbial chemoautotrophs 51% and siliceous deposits 3%.
Phosphorus is a key component for photosynthesis and respiration o f the 
photosynthetic microbial mat communities located in Octopus Spring. Studies by 
Ramsing (2000) reported a net positive photosynthesis for Mushroom Spring. Microbial 
mats are efficient recyclers o f P through respiration and photosynthesis (Campbell,
1996), though overall net photosynthesis for microbial mat communities results in a net 
consumption o f P by the microbial mats. The internal cycling o f P within microbial 
communities during photosynthesis and respiration helps maintain stable biological 
productivity and is inferred to sustain microbial communities during times o f decreased P 
input into the system.
Chemoautotrophs play the largest role in P uptake in Octopus Spring, accounting 
for 51% o f total output based upon H] oxidation rates. Chemoautotrophs are not found 
throughout the water columns in alkaline hot spring systems, the absence o f P in the 
water column most likely limits chemoautotrophs to substrates, such as siliceous pool 
sediments, which may exchange P with organisms during low fluxes o f P into the pool.
Siliceous deposits only play a minor role in the removal o f P from the Octopus 
Spring. Due to extremely slow rates o f  deposition (0.55 ± .45 mm/yr), and low 
concentrations o f P in deposits, siliceous sinters only accumulate 10.49 ± 9 g P/yr.
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Siliceous deposits in and around Octopus Spring contained a range o f P concentrations 
from below detection limit to 99 ± 12 mg P/kg found in pool sediment. In the main pool, 
pool sediment is the dominate siliceous deposit. Recalculating uptake o f P per year for 
siliceous deposits, based upon only pool sediment concentration, would increase the P 
uptake to 16.48 ± 14 g P/yr. Even though the P uptake increases by 50%, the overall 
removal by siliceous sediments is still minor in comparison with the demands o f 
microbial communities (388.08 ± 11 g P/yr).
In order to balance the outputs o f P from Octopus Spring, total input o f P into the 
main pool must be 396.57 g P/yr. The primary inputs o f P into Octopus Spring are 
through dust deposition and biomass. Biomass accounts for >99.9% o f the total P 
required in the system, with dust deposition estimated to account for <0.1%. Different 
identified biomass inputs into Octopus Spring include pine needles and mammalian 
carcasses. There is no detectable P in atmospheric precipitation, therefore it is assumed 
to be negligible in supplying P to the geothermal system. When 10% of the detection 
limit was used to estimate potential input from precipitation, only 0.18 ± 0.02 g P/yr was 
calculated, confirming that precipitation is not a significant source o f P into Octopus 
Spring.
Dust deposition only accounts for a very small amount o f the overall P needed to 
balance the outputs from Octopus Spring. The transfer rate o f P into Octopus Spring 
through dust deposition was calculated to be 6.9471 ± 2.93 mg P/m^yr, which over the 
area o f  Octopus Spring (116.4 m^) would represent 0.81 ± 0.34 g P/yr. The low transfer 
rate o f P through dust deposition suggests that biomass inputs play a key role in 
maintaining P cycling in geothermal systems.
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Analysis o f  pine needles collected from the hillslope NNE o f Octopus Spring and 
from the base o f the main pool suggests that pine needles do release P into the system 
after deposition. The needles collected from the hillslope had a total P concentration of 
340 ± 42 mg P/kg, brown needles from the pool 134 ± 17 mg P/kg and white needles 8 6  
± 11 mg P/kg, indicating an overall decrease in P concentration as the needle is 
transported and deposited in Octopus Spring. Scanning electron microscopy analyses 
showed an increase in degradation of the pine needles between those collected from the 
hillslope, and those found in the pool. White needles are inferred to have resided in the 
pool for longer than brown needles due to the increase in degradation o f the needles and 
decrease in P concentration. Needles would provide a nearly continuous source o f P into 
Octopus Spring until complete degradation occurs.
Input o f mammalian carcasses in hot spring systems introduces an extremely large 
source o f P in a very short period o f time through its tissue, muscle, and bone. The 
concentration o f total P in the bone analyzed from Octopus Spring was 155,180 ± 19,180 
mg P/kg (-15%  P, bone typically has -17.1%  P (Elliott, 2002)). This bone is known to 
have been located in the pool for greater than 9 months (first seen July 2005, still in pool 
March 2006). The sample collected from the pool was brittle suggesting that 
decomposition o f the material has taken place. Bone contains 72% impure 
hydroxylapatite (Caio(P0 4 )6 (OH)2, main impurities: COa^', Mg^" ,̂ and HP0 4 ^') and the 
enamel o f teeth are composed o f 96% (Filippelli, 2002). On average a bone contains 
138,200 mg P/kg (assuming hydroxylapatite represents 72% o f its mass).
Hydroxylapatite is relatively insoluble (solubility at 90°C is 1.08 x 10*̂ ® (Elliott, 1994)).
It is unknown how long bone takes to decompose in a hot spring, but it likely represents a
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very slow and continuous source o f P until complete dissolution o f the bone occurs. The 
introduction o f a mammalian carcass is unpredictable and random between hot spring 
systems, and could not be considered a continuous or annual input o f P. Mammalian 
excretion also represents a potential input o f P into the Octopus Spring system, but these 
influxes are limited to the outflow channels where bison and other mammals walk, they 
have not been observed in the main pool.
The exact transfer rate o f biomass into Octopus Pool cannot be measured 
accurately but, rather, is calculated as a difference between measurable quantities. If  the 
addition o f biomass from mammals is disregarded, and only pine needles are considered, 
1,164 kg/yr o f pine needles into the main pool are required to balance P in the system. If 
biomass from mammals was used to calculate the transfer rate, and pine needles were 
excluded, dissolution o f 2.55 kg bone/yr would be required to balance the system. A 
combination o f  the two inputs most likely comprises the sources o f P from biomass. 
Organic materials such as grass, twigs, and branches may also serve as potential sources 
o f P to Octopus Spring.
Octopus Spring’s P cycle is dependent not only on inputs o f organic matter such 
as pine needles, but also the addition o f large fluxes o f P from highly concentrated 
sources such as mammals. During periods o f little to no input from biomass, it is 
possible that internal cycling o f P, and decreases in microbial biomass play a crucial role 
in maintaining the ecosystem.
Outflow channels were not included in the overall P cycle model for the main 
pool. Additional measurements would need to be made to assess P cycling in these 
channels, including but not limited to sinter deposition rates, sinter age to determine
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removal o f P overtime from siliceous materials no longer located in channel outflow, and 
carbon or oxygen uptake and release rates in photosynthesizing microbial communities at 
low temperatures. Clearly, more studies are needed to assess the P cycling in the outflow 
regions o f  Octopus Spring. One can assume that P cycling in the outflow channels, like 
the main pool, is also dependent on large fluxes o f P from biomass in order to sustain 
biological productivity in the microbial mats that cover approximately 90% of the 
outflow channel throughout the year.
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6.0 Conclusion
Phosphorus cycling in the main pool o f Octopus Spring, YNP, Wyoming, depends 
on external inputs from solids and internal cycling o f P. Primary inputs to the system are 
dust and biomass, with biomass accounting for >99.9% o f inputs. Primary outputs from 
the system are siliceous deposits and microbial communities. Large influxes o f P through 
mammalian sources are seen as critical in maintaining biological productivity in the 
spring as inputs from dust and organic matter (e.g. pine needles) are unable to meet the P 
needs o f microbial communities.
Because P is not detected in the water column, P must be quickly removed from 
the water column by microbes or deposited in siliceous materials. In the absence o f 
mammalian carcasses falling into a hot spring, internal cycling o f P between siliceous 
materials and microbial communities may play a crucial role in maintaining biological 
productivity in alkaline geothermal systems.
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Appendix A: Chemical Data for Solid Samples from Octopus Spring Area
Sample
Detection Limit
Ag
0.02
AI
0.01
As
1
Ba
5
Be
0.1
Bi
0.04
Ca
100
Cd
0.02
Ce
0.05
Co
0.1
Cr
1
Cs
0.05
Cu
0.5
Fe
100
Ga
0.1
Ge
0.1
0510I4.3A 0.06 10500 12 53 46.7 0.05 2200 0.05 4.26 0.4 2 362 1.5 1400 107 0.4
051014.4A 0.07 15600 12 31 83.6 0.07 2400 0.03 4.13 0.3 2 772 0.9 900 205 0.3
051014.5B 0.05 6900 65 25 77.7 <0.04 1400 0.03 2.04 0.2 1 326 0.6 400 243 0.2
051014.5C 0.06 3100 7 9 48.5 <0.04 1000 0.03 0.49 <0.1 2 189 0.8 <100 154 0.2
051014.5D 0.12 1800 12 <5 23 <0.04 1000 <0.02 0.27 0.1 2 143 0.6 100 71.9 0.1
051014.5E 0.09 2800 15 10 49 <0.04 1200 <0.02 0.33 0.1 2 227 0.7 100 164 1
051014.5F 0.07 1900 4 13 40.2 <0.04 900 <0.02 0.36 <0.1 <1 167 <0.5 <100 130 0.5
051014.7A 0.13 17600 22 66 64.5 0.14 3100 0.26 6.88 0.6 4 707 2.1 2000 104 0.3
051014.7C 0.05 2900 21 25 12.3 0.06 2500 0.08 2.61 0.7 2 139 1.4 900 34.5 7.9
051014.8A* 0.02 1308 1 23 0.2 0.02 >4607 0.42 1.99 0.3 I 0.45 2.1 513 0.3 0.0
051014.8B 0.13 48400 6 304 5.4 0.38 4200 0.44 109 1.9 7 5 6.9 9800 15.6 0.2
051014.9A 0.06 15800 13 104 20.7 0.18 4700 0.34 29.4 1.4 7 75.8 5.4 6000 50.7 0.8
051014.10AB 0.09 6100 633 168 68.1 <0.04 >150000 0.03 1.62 0.4 9 175 1.8 700 19.4 <0.1
051014.10AS 0.44 42200 33 145 66.1 0.09 5500 0.05 17.4 1 6 >1000 3 4200 43.7 0.4
051014.10C 0.12 7000 100 10 74.4 <0.04 4800 0.02 0.83 0.1 <1 314 <0.5 200 155 0.4
051014.HA 0.05 1900 15 5 25.7 <0.04 900 0.02 0.51 0.2 1 174 <0.5 100 84.7 0.4
051014.12A 0.29 53400 11 327 6.7 0.13 3900 0.16 170 0.8 2 32 5.5 9900 18.6 0.2
DUP-051014.5B 0.05 6000 66 24 71.1 0.1 1400 0.02 1.78 0.1 2 309 1.1 400 229 <0.1
DUP-051014.10AB
Values are reported 
* Values have been
0.06
as mg/kg: 
corrected
6300 699
for all samples 
for combustion
177 71.2 <0.04 >150000 0.03 1.64 0.4 9 183 2 700 21.1 <0.1
Appendix A (cont.)
Sample Hf In K La Li Lu Mg Mn Mo Na Nb Ni P Pb Rb S
Detection Limit 0.02 0.02 100 0.1 1 0.01 100 5 0.05 100 0.1 0.5 50 0.5 0.2 100
051014.3A 0.18 <0.02 3500 2.1 32 0.03 500 87 0.46 7400 1.6 1.3 370 4.1 56.4 500
051014.4A 0.21 <0.02 5200 2.1 36 0.03 300 103 0.41 10300 2.1 1.3 340 2.3 103 400
051014.5B 0.08 <0.02 2100 1 23 0.01 200 89 0.33 5600 1 0.6 170. 1.2 46.4 500
051014.5C 3.06 <0.02 1300 0.2 22 0.01 <100 62 0.18 4800 <0.1 0.7 <50 <0.5 25.6 200
051014.5D 6.44 <0.02 1200 0.2 26 <0.01 <100 21 0.42 4900 <0.1 0.9 <50 <0.5 19.4 300
051014.5E 0.37 <0.02 1500 0.2 27 <0.01 <100 51 0.19 5500 <0.1 1.3 140 <0.5 31.4 300
051014.5F 4.49 <0.02 1200 0.2 18 <0.01 <100 33 0.08 4400 <0.1 <0.5 <50 <0.5 24.4 200
051014.7A 0.44 <0.02 5700 3.6 34 0.04 700 115 0.66 9700 3 1.9 420 4.3 104 600
051014.7C 0.13 <0.02 2200 1.4 70 0.02 400 55 0.51 10800 0.7 1.5 280 1.7 28.9 2100
051014.8A* 0.00 0.00 915 1.0 1 0.01 676 >307 0.16 221 0.2 0.6 291 2.0 3.7 178
051014.8B 15 0.08 28100 53.9 16 0.54 1100 350 3.2 15800 34.6 4.1 210 36.2 169 300
051014.9A 4.01 0.03 5400 16.8 9 0.28 1300 403 1.1 2400 8.3 3.9 300 11.4 46.9 700
051014.10AB 0.05 <0.02 2000 0.9 37 0.01 1800 278 0.43 7000 0.9 3.2 >10000 2.8 28.2 200
051014.10AS 2.68 <0.02 12900 9 51 0.1 1300 471 0.74 19200 6.2 3.3 130 7.8 255 100
051014.10C 6.41 <0.02 2200 0.4 46 0.01 <100 74 0.41 7900 0.5 0.6 <50 1.1 47.7 100
051014.HA 3.31 <0.02 1300 0.3 20 <0.01 <100 29 <0.05 4700 0.1 0.5 <50 <0.5 25.9 <100
051014.12A 28.6 0.07 33400 84.3 9 0.68 700 402 4.03 18400 47.8 2 80 29.1 207 <100
DUP-051014.5B 0.09 <0.02 2100 0.9 23 0.01 100 84 0.33 5300 1.2 0.6 170 1 43.8 400
DUP-051014.10AB 0.06 <0.02 2000 0.9 39 0.01 1900 284 0.46 7200 1.2 3.3 >10000 2.7 28.5 200
Values are reported as mg/kg for all samples 
* Values have been corrected for combustion
Appendix A (cont.)
Sample Sb Sc Se Sn Sr Ta Tb Te Th Ti Tl U V W Y Vb Zn Zr
Detection Limit 0.05 0.1 2 0.3 0.5 0.05 0.05 0.05 0.2 100 0.02 0.1 1 0.1 0.1 0.1 1 0.5
051014.3A 32.7 0.2 <2 0.4 8.7 0.13 <0.05 <0.05 0.8 100 0.62 0.3 3 2.3 1.8 0.2 8 7
051014.4A 21.8 <0.1 <2 0.4 6.6 0.18 <0.05 <0.05 0.8 <100 0.92 0.4 2 2.1 1.6 0.2 9 6.5
051014.5B 26.2 <0.1 <2 <0.3 9.6 0.09 <0.05 <0.05 0.4 <100 0.46 0.3 1 2 0.8 <0.1 2 3.1
051014.5C 21.1 <0.1 <2 <0.3 3.4 <0.05 <0.05 <0.05 0.2 <100 0.28 0.2 <1 0.5 0.3 <0.1 <1 207
0510I4.5D 18.3 <0.1 <2 <0.3 1.5 <0.05 <0.05 <0.05 <0.2 <100 0.24 0.1 <1 1.2 0.2 <0.1 <1 388
051014.5E 15.4 <0.1 <2 <0.3 3.4 <0.05 <0.05 <0.05 <0.2 <100 0.34 0.2 <1 1.3 0.4 <0.1 <1 13
051014.5F 14.5 <0.1 <2 <0.3 4.5 <0.05 <0.05 <0.05 <0.2 <100 0.27 0.2 <1 0.5 0.3 <0.1 <1 286
051014.7A 52.5 0.6 <2 0.8 12.3 0.26 0.09 <0.05 1.4 200 1.1 0.5 5 3.4 3.2 0.3 10 12.5
051014.7C 71.6 0.2 <2 <0.3 8 0.07 <0.05 <0.05 0.5 <100 0.48 0.2 2 2.4 1 0.1 5 5.1
051014.8A* 0.06 0.1 <.06 0.1 13.7 0.00 0.02 0.00 0.3 40 0.07 0.1 1 0.1 0.8 0.1 31 0.2
051014.8B 0.41 2.5 <2 5.6 33.2 1.61 1.22 <0.05 20.3 900 0.92 4.7 10 2 38.6 3.8 70 650
051014.9A 12.7 1.8 <2 1.6 22.7 0.37 0.54 <0.05 5.2 400 0.42 2.9 9 8.7 17.1 1.9 42 182
051014.10AB 90 <0.1 <2 0.5 203 0.13 <0.05 <0.05 0.4 <100 0.44 0.6 <1 7.9 0.9 <0.1 110 2.2
051014.10AS 43.8 1.1 <2 1.2 25.6 0.14 0.2 <0.05 3.8 400 2.03 0.8 9 6.3 6.2 0.7 19 128
051014.10C 77.1 <0.1 <2 <0.3 4 <0.05 <0.05 <0.05 0.4 <100 0.7 0.3 <1 10.7 0.8 <0.1 <1 330
051014.11A 27 <0.1 <2 <0.3 1.8 <0.05 <0.05 <0.05 <0.2 <100 0.36 0.1 <1 1.5 0.5 <0.1 <1 169
051014.12A 0.18 2.5 <2 5.5 37.9 4.11 1.59 <0.05 26.3 800 0.81 6 1 3.4 58.3 4.8 62 1210
DUP-051014.5B 24.8 <0.1 <2 <0.3 8.9 0.07 <0.05 <0.05 0.4 <100 0.44 0.3 <1 1.9 0.8 <0.1 2 3.2
DUP-051014.10AB 95.5 <0.1 <2 0.3 212 0.13 <0.05 <0.05 0.3 <100 0.47 0.6 <1 8.2 0.9 <0.1 110 3
Values are reported as mg/kg for all samples 
* Values have been corrected for combustion.
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Appendix A (cont.)
A1 As Ba Ca Cd Cs Cu Fe K Mn Mo Na Ni P Pb S Sr Tl W
A1 1
As -0.17 1
Ba 0.84 0.30 I
Ca -0.13 0.99 0.34 1
Cd 0.42 -0.22 0.42 -0.16 1
Cs 0.18 -0.10 -0.16 -0.13 -0.28 I
Cu 0.81 -0.04 0.85 0.02 0.74 -0.21 1
Fe 0.92 -0.18 0.86 -0.13 0.61 -0.15 0.95 1
K 0.95 -0.18 0.87 -0.14 0.45 -0.09 0.82 0.94 1
Mn 0.71 0.23 0.78 0.28 0.57 0.02 0.82 0.73 0.62 1
Mo 0.88 -0.12 0.88 -0.09 0.48 -0.25 0.85 0.94 0.97 0.59 1
Na 0.87 -0.06 0.69 -0.05 0.06 0.39 0.52 0.67 0.79 0.48 0.69 1
Ni 0.59 0.41 0.75 0.46 0.45 0.04 0.78 0.65 0.49 0.79 0.50 0.46 1
P -0.15 0.99 0.33 1.00 -0.16 -0.12 0.01 -0.14 -0.15 0.26 -0.10 -0.06 0.45 1
Pb 0.89 -0.13 0.88 -0.09 0.61 -0.24 0.91 0.97 0.95 0.64 0.96 0.65 0.60 -0.10 1
S -0.20 -0.14 -0.20 -0.14 0.07 -0.05 0.00 -0.08 -0.18 -0.21 -0.11 0.01 0.04 -0.12 -0.12 1
Sr 0.00 0.97 0.47 0.99 -0.08 -0.14 0.15 0.01 0.00 0.39 0.05 0.05 0.55 0.99 0.05 -0.16 1
Tl 0.71 -0.10 0.40 -0.10 0.06 0.77 0.35 0.43 0.48 0.48 0.32 0.82 0.46 -0.11 0.35 -0.08 -0.03 1
W 0.15 0.56 0.30 0.52 -0.03 0.14 0.21 0.15 0.02 0.44 0.07 0.17 0.54 0.50 0.06 -0.08 0.53 0.31 1
Appendix A (cont.)
Correlation of SGS Chemical Data for All Samples Except 051014.10AB and 051014.10AB Pup
Al As Ba Ca Cd Cs Cm Fe K Mn Mo Na Ni P Pb S Sr Tl W
A1 1
As -0.12 1
Ba 0.95 -0.22 1
Ca 0.60 0.13 0.54 1
Cd 0.40 -0.35 0.52 0.62 1
Cs 0.17 0.23 -0.13 0.17 -0.32 1
Cu 0.82 -0.31 0.90 0.63 0.75 -0.21 1
Fe 0.91 -0.24 0.98 0.58 0.60 -0.17 0.96 1
K 0.95 -0.19 0.99 0.48 0.43 -0.11 0.83 0.94 1
Mn 0.78 -0.19 0.76 0.82 0.64 0.05 0.84 0.80 0.69 1
Mo 0.88 -0.19 0.97 0.44 0.48 -0.27 0.85 0.94 0.97 0.64 1
Na 0.87 0.01 0.75 0.45 0.05 0.39 0.52 0.66 0.79 0.51 0.68 1
Ni 0.74 -0.23 0.71 0.65 0.60 0.11 0.87 0.81 0.62 0.78 0.60 0.55 1
P 0 10 -0.20 0.08 0.30 0.49 0.28 0.29 0.14 0.01 0.21 0.03 0.04 0.37 1
Pb 0.88 -0.24 0.97 0.50 0.60 -0.26 0.92 0.97 0.95 0.69 0.96 0.65 0.72 0.09 1
S -0.22 -0.03 -0.17 -0.05 0.04 -0.07 -0.01 -0.10 -0.21 -0.19 -0.12 0.00 0.12 0.47 -0.14 1
Sr 0.92 -0.18 0.95 0.69 0.62 -0.06 0.93 0.96 0.90 0.90 0.88 0.68 0.77 0.21 0.90 -0.11 1
Tl 0.70 0.15 0.47 0.56 0.03 0.77 0.35 0.42 0.47 0.53 0.31 0.82 0.57 0.21 0.34 -0.10 0.51 1
W 0.26 0.56 0.16 0.67 0.08 0.24 0.24 0.26 0.12 0.37 0.14 0.23 0.42 0.01 0.13 -0.01 0.26 0.42 1
<1
A ppendix B: Chemical Data from Octopus Spring Aqueous Samples (October 2005,
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Site 1 Site 2 Site 2dup Site 3 Site 4 Site 5
Date 7/6/05 3/1/06 7/6/05 3/1/06 7/6/05 3/1/06 7/6/05 3/1/06 3/1/06 3/1/06
Temp. “C 90.4 87.6 77.4 76.1 77.4 76.1 73.1 65.7 58.8 41.1
pH 7.64 7.92 7.88 7.86 7.88 7 86 7.98 7.92 8.24 8.64
Alkalinity 276 223 342 232 336 233 318 239 241 155
A g n.d. <1 n.d. 1 n.d. 1 n.d. 2 2 4
Al n.d. 240 n.d. 260 n.d. 290 n.d. 270 270 170
As 1570 1410 1670 1550 1690 1580 1680 1610 1660 1670
Ba 40.8 30 58.2 30 49.5 40 66.5 30 20 <10
Be 1.3 <5 0.70 <5 1.3 <5 0.60 <5 <5 <5
Bi n.d. <50 n.d. <50 n.d. <50 n.d. <50 <50 <50
Ca n.d. 490 n.d. 510 n.d. 550 n.d. 550 550 540
Cd 0.03 <10 0.1 <10 0.0 <10 0.0 <10 <10 <10
Cl 248839 231361 256175 235693 254986 235898 262758 241184 239794 247642
Co n.d. <10 n.d. <10 n.d. <10 n.d. <10 <10 <10
Cr n.d. <10 n.d. <10 n.d. <10 n.d. <10 <10 <10
Cs 191 n.d. 199.0 n.d. 203.0 n.d. 200.0 n.d. n.d. n.d.
Cu n.d. <5 n.d. <5 n.d. <5 n.d. <5 <5 <5
F 24510.2 17795.3 25536.9 18064.2 24804.9 18009.9 25344.7 18271.6 18320.8 18688.2
Fe n.d. <50 n.d. <50 n.d. <50 n.d. <50 <50 <50
Ga 9.66 n.d. 9.76 n.d. 10.1 n.d. 9.58 n.d. n.d. n.d.
Hg 4.8 n.d. 4.6 n.d. 4.6 n.d. 4.6 n.d. n.d. n.d.
K n.d. 13800 n.d. 14900 n.d. 15700 n.d. 16100 16100 16100
La n.d. <10 n.d. <10 n.d. <10 n.d. <10 <10 <10
Mg n.d. <50 n.d. <50 n.d. <50 n.d. <50 <50 <50
Mn 2.7 <5 2.3 <5 3 <5 2.6 <5 <5 <5
Mo 25 20 27 20 27 20 27 20 20 30
Na n.d. 288350 n.d. 307350 n.d. 319980 n.d. 330970 332340 336320
Ni n.d. <10 n.d. <10 n.d. <10 n.d. <10 <10 <10
NO 2-N <600 <600 <600 <600 <600 <600 <600 <600 <600 <600
N O 3-N* n.d. <1500 n.d. <1500 n.d. <1500 n.d. <1500 <1500 <1500
P <50 <50 <50 <50 <50 <50 <50 <50 <50 <50
Pb n.d. <30 n.d. <30 n.d. <30 n.d. <30 <30 <30
Rb 96 n.d. 99.2 n.d. 105 n.d. 102 n.d. n.d. n.d.
Sb 73.3 60 74.7 70 75.4 70 77.4 60 70 70
Sc 82.8 <1 90.4 <1 89.4 <1 89.7 <1 <1 <1
Se 1.9 n.d. 2.1 n.d. 1.9 n.d. 1.9 n.d. n.d. n.d.
Si 129300 133240 133200 143360 131300 151580 136100 155010 157250 149890
Sn n.d. <50 n.d. <50 n.d. <50 n.d. <50 <50 <50
SO4 32109.6 16382.4 33724 16931.1 35898.4 16900.2 37681.7 17489.6 17194.7 17934.9
Sr 0.64 <1 0.73 <1 0.76 1 0.77 <1 <1 <1
Ti n.d. <10 n.d. <10 n.d. <10 n.d. <10 <10 <10
Tl 0.33 n.d. 0.34 n.d. 0.35 n.d. 0.36 n.d. n.d. n.d.
V n.d. <10 n.d. <10 n.d. <10 n.d. <10 <10 <10
W 290 <50 302 <50 308 <50 317 <50 <50 <50
Y n.d. <5 n.d. <5 n.d. <5 n.d. <5 <5 <5
Zn 65.8 20 90.1 29 92.8 32 89.6 27 28 18
Zr n.d. <10 n.d. <10 n.d. <10 n.d. <10 <10 <10
n.d. not determined
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Appendix C: X-Ray Diffraction Scans
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